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INTRODUCTION
The Udoteaceae (Bryopsidales, Chlorophyta) comprise a strictly marine family of siphonous macroalgae with a predominantly tropical distribution. The morphology of the mature thalli ranges from simple siphonous filaments to intricate multiaxial structures, in which siphon anatomy depends on the location in the thallus and the life-history stage (Gepp & Gepp 1911; Hillis-Colinvaux 1980; Meinesz 1980; Littler & Littler 1990 . Despite the complexity, even the most elaborately ramified system of siphons consists of a single multinucleate cell, through which nuclei, cytoplasm and organelles can be freely transported. In many Udoteaceae, the intersiphonal spaces become calcified in photosynthetic parts of the thalli (Borowitzka & Larkum 1977) , rendering them less palatable (Hay et al. 1994) . Reproduction (Kamura 1966; Meinesz 1980) and protoplasm reallocation (Littler & Littler 1999) lead to a complete loss of protoplasm in part, if not all, of the plant, resulting in empty 'ghost thalli'. Their calcified remains become part of the substratum (Drew 1993; Freile et al. 1995) and can fossilize with their siphonal fingerprints intact. Comparable fossil casts reveal that siphonous algae have grown in abundance from at least the Ordovician period onwards (Johnson 1961; Wray 1977; Poncet 1989) .
Udoteaceae have been classified predominantly on the basis of vegetative traits of mature thalli (Vroom et al. 1998) . For instance, species of the morphologically diverse and speciesrich genus Udotea J.V. Lamouroux are described as possessing corticated, calcified stipes and funnel-or fan-shaped blades (Littler & Littler 1990) . In many species of Udotea, the blades consist only of a single or several layers of dichotomously branching siphons that adhere laterally to neighbouring si-phons. In several others, the blade siphons bear laterals consisting of short protuberances or more elaborate appendages similar to those in the cortex of the stipe of most udoteacean genera (Gepp & Gepp 1911; Littler & Littler 1990) . However, monophyly for Udotea is challenged by the presence, in some species, of corticated blades or by segments resembling those seen in certain other genera of Udoteaceae, e.g. Flabellia Nizzamuddin and Halimeda J.V. Lamouroux, and by the presence, in others, of uncorticated blades or loose brushes that point to an affinity with, e.g. Rhipocephalus Kützing, Rhipidosiphon Montagne, Rhipiliopsis A. Gepp & E. Gepp, Tydemania Weber van Bosse and Penicillus Lamarck (Gepp & Gepp 1911; Hillis-Colinvaux 1984; Vroom et al. 1998) .
Information on sexual reproduction and life-history strategies is available for some Udoteacea but sketchy for others and not available at all for most species (Meinesz 1980; HillisColinvaux 1984; Clifton 1997; Vroom et al. 1998; Clifton & Clifton 1999) . Nonetheless, conflict abounds between vegetative and generative traits. Generally, multiaxial adult thalli develop from uniaxial juvenile tufts composed of rhizoids and dichotomously branching siphons (Meinesz 1980) . Several species of Chlorodesmis Harvey & Bailey are probably misidentified juvenile phases of other taxa. For instance, Pseudochlorodesmis furcellata (Zanardini) Børgesen is actually the juvenile of Mediterranean H. tuna (Ellis & Solander) J.V. Lamouroux (Meinesz 1980) . Other Chlorodesmis spp. reproduce sexually and must therefore be mature, though relationships are challenged because gametangia differ conspicuously among species. For example, C. baculifera (J. Agardh) Ducker possesses compound gametangia similar to those of the morphologically elaborate genus Halimeda, whereas the gametangia of C. fastigiata (C. Agardh) Ducker (previously known as C. comosa Harvey & Bailey) appear like those of uncorticated Udotea spp. (Ducker 1965 (Ducker , 1967 Hillis-Colinvaux 1980; Meinesz 1980) .
Several authors have attempted to find order in this system- atic tangle (Lamouroux 1812; Ernst 1904; Gepp & Gepp 1911; Feldmann 1946 Feldmann , 1954 Bold & Wynne 1978; Meinesz 1980; Silva 1982; Hillis-Colinvaux 1984; Floyd & O'Kelly 1989; Hoek et al. 1995) . Vroom et al. (1998 ) used cladistics (Hennig 1965 to demonstrate that morphological, anatomical and life-history traits could not resolve evolutionary relationships satisfactorily among the type species of most bryopsidalean genera. Nevertheless, their results suggested monophyly for Udoteaceae, as well as a general trend from an ancestral simple thallus morphology to derived, more complex structures. A similar study among western Atlantic species of Udotea (Littler & Littler 1999 ) also found a general trend towards a more complex, derived blade morphology, with uncorticated blades being ancestral.
A molecular phylogenetic approach may provide an alternative way to a better understanding of udoteacean relationships. Several authors have inferred phylogenies at various taxonomic levels within the Bryopsidales by using plastid or nuclear genetic markers (Pillmann et al. 1997; Jousson et al. 1998; Famà et al. 2000; Hanyuda et al. 2000; Woolcott et al. 2000; Durand et al. 2002) . Molecular phylogenies of Halimeda inferred from nuclear ribosomal DNA markers (Hillis et al. 1998; Kooistra et al. 2002) showed remarkable concordance with taxonomic groups delimited by phenotypic traits. Here, I infer phylogenies from a large part of the nuclearencoded ribosomal DNA (nrDNA), encompassing several variable regions, to explore relationships among and within the udoteacean genera Chlorodesmis, Rhipocephalus, Penicillus and Udotea. To root the trees, I use sequences of Caulerpa (Caulerpaceae, Bryopsidales) as the close outgroup and those of dasycladalean species as a more distant outgroup.
MATERIAL AND METHODS
Specimens and their sample sites are listed in Table 1 . Species were identified using the methods of Gepp & Gepp (1911) , Taylor (1950 Taylor ( , 1960 , Ducker (1967) , Hillis-Colinvaux (1980) and Littler & Littler (1990 , 2000 . Detailed illustrations of phenotypes and morphological descriptions are available in these references. Freshly collected thalli were preserved in 95% v/v ethanol or silica gel desiccant and kept refrigerated in the dark until used for morphological analysis and DNA extraction. Morphological characters and their states were collected from the specimens included in the molecular study to permit direct comparison and to avoid bias caused by phenotypic differences between the type specimens and the specimens included in this study. The characters and their states examined in this study formed a subset of those listed by Taylor (1960) and Littler & Littler (1990) . Character states for reproductive structures and macrogametes were obtained from Meinesz (1980) and references therein, and from Clifton & Clifton (1999) .
DNA was extracted from c. 0.5-1 cm 2 of clean thallus that had been air-dried and placed in TE buffer (pH 8.0) before powdering in liquid nitrogen. The frozen powder was added to 0.5 ml preheated (60ЊC) extraction buffer (100 mM TrisHCl, pH 8.0; 50 mM ethylenediaminetetraacetic acid, pH 8.0;
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100 mM NaCl; 1% w/v sodium dodecyl sulfate; 1% w/v polyvinylpyrrolidone-40 and 0.5% v/v 2-mercaptoethanol) and was incubated for 10 min at 60Њ C. The mixture was then shaken gently with an equal volume of chloroform-isoamyl alcohol [CIA; 24/1 (v/v)] and centrifuged (16,000 ϫ g) for 5 min. The aqueous layer was collected, re-extracted with CIA and centrifuged as described previously. The DNA in the aqueous phase was precipitated using 0.5 volumes of 8 M ammonium acetate (pH 8.0) and 2 volumes of 100% ethanol, stored at Ϫ20Њ C for up to 1 h and then centrifuged for 15 min as described previously. Pellets were washed in 70% (v/ v) ethanol, air-dried and resuspended in 10 l TAE buffer (pH 8.0). DNA was gel-purified in low melting agarose (TAE); bands were excised under weak UV-radiation and subsequently incubated with Gelase following the manufacturers' instructions (Epicentre Technologies Corporation, Madison, Wisconsin). Use of gel-purified DNA greatly improved the success of the polymerase chain reaction (PCR). Nuclear ribosomal DNA was PCR-amplified and sequenced for phylogenetic analysis. The target region (c. 2200 bp) extended from c. position 500 in the small subunit (SSU) rDNA, through an insert in the SSU (c. position 1440 in SSU; Hillis et al. 1998) , the two internal transcribed spacers (ITS-1 and ITS-2) and the intervening 5.8S region, to c. position 500 in the large subunit (LSU). PCR amplification of target regions in three overlapping products (TW3-HIR, TW5-ITS4 and HIF-26AB), sequencing and alignment of sequences were as described by Kooistra et al. (1999) . The final alignment is available upon request. The primers used are listed in Table  2 . The PCR-product TW5-ITS4 was obtained to verify the common origin of the other two sequences, which did not overlap. GenBank accession numbers are listed in Table 1 . Multiple specimens per species were included or, if only one specimen was available, sequences were generated from different DNA extractions to verify the results.
Phylogenetic signal among parsimony-informative sites was assessed by comparing the measure of skewedness (g 1 -value; PAUP*) with the empirical threshold values in Hillis & Huelsenbeck (1992) . To determine which model of sequence evolution best fits the data, hierarchical likelihood ratio tests (hLRTs) were performed using Modeltest Version 3.0 (Posada & Crandall 1998). Phylogenies were inferred from these sequences using PAUP* (version 4.0b8, Swofford 2001). Maximum likelihood (ML) analysis was constrained with the hLRT parameters obtained. Weighted (Goloboff, K ϭ 2) maximum parsimony (MP) trees were generated using the full heuristics, and the tree bisection-reconnection-branch swapping mode. Gaps were omitted in pairwise comparisons. Bootstrap values were obtained using MP because this algorithm consumed less time than ML and because MP and ML recovered identical tree topologies. Alternative topologies were evaluated using MacClade 3.07 (Maddison & Maddison 1997) . To root trees, dasycladalean SSU sequences from Olsen et al. (1994) were chosen as an outgroup, based on the findings of Zechman et al. (1999) .
RESULTS
The SSU region of all udoteacean and caulerpacean specimens included in this study contained an insert (c. 100 bp) at the same location as the one described for Halimeda by Hillis et al. (1998) . The inserts of the udoteacean taxa shared a common secondary structure (not shown) and elevated CG%. The ITS-1 region was very short in all genera, being longest in Caulerpa (118 bp), shortest in Rhipiliopsis (54 bp) and intermediate in all other Udoteaceae included in this study (65-70 bp) . The ITS-2 region was also relatively short, being c. 330 bp in Caulerpa and 172-182 bp in Udoteaceae. The ITS-2 and partial LSU regions of U. looensis could not be obtained; positions of these regions were marked 'N' in the alignment.
The insert and ITS regions of the two Caulerpa specimens could not be aligned with those of the remaining specimens. However, to determine relationships between Udoteaceae and Caulerpaceae and to root Udoteaceae properly an initial alignment was generated using the partial SSU sequences of all specimens included in this study and the corresponding dasycladalean SSU sequences from Olsen et al. (1994) . Positions involved in ambivalent alignment were removed before phylogenetic analysis, if they would affect tree topology. The 431 parsimony-informative sites in the resulting alignment (length ϭ 1258 positions) contained significant phylogenetic signal [g 1 ϭ Ϫ0.821; threshold value g 1 ϭ 0.09 (P ϭ 0.01) for 25 taxa and 250 parsimony-informative sites]. Phylogenetic analysis resulted in three equally most parsimonious trees. In the abridged cladogram (Fig. 1 ) redrawn from these trees and with Dasycladales as outgroup, Caulerpa branched Table 1 and the corresponding regions of all dasycladalean SSU sequences in Olsen et al. (1994) . An insert in the udoteacean SSU sequences and positions containing bases that could not be aligned unambiguously were removed from this alignment. Bootstrap values have been generated using 1000 replicates. The three most parsimonious trees were each 987 steps long (CI ϭ 0.720, RC ϭ 0.638). off first. Then there followed a clade with Rhipiliopsis and Halimeda, which was sister of a clade containing Flabellia, Udotea, Chlorodesmis, Penicillus and Rhipocephalus. All clades obtained proper support (Fig. 1) .
After exclusion of Caulerpa and dasycladalean outgroups, complete sequences of the remaining taxa were aligned without trouble. Nonetheless, gaps had to be introduced, though mainly in the insert and ITS regions. The 529 parsimonyinformative positions in the alignment contained significant phylogenetic signal (g 1 ϭ Ϫ0.807; threshold value as mentioned previously). Substitution probability varied among regions, being highest in ITS-1, ITS-2 and the insert and lowest in the SSU core and 5.8S regions (MacClade). Modeltest results confirmed the deviation from random base substitution (see Fig. 2 ). The best substitution model to explain apparent complexity was a general time reversible model; G was slightly over-represented. Moreover, C↔T changes occurred c. 1.7 times as frequently as A↔G changes.
The resulting ML tree recovered Rhipiliopsis and Halimeda as sister taxa. Because these two genera were recovered in a sister clade to the remaining Udoteaceae shown in Fig. 1 , they were used to root the tree and then pruned away from it. The resulting tree topology (Fig. 2) identified Flabellia as sister to a clade containing a paraphyletic Udotea, with its allied genera Rhipocephalus, Penicillus and Chlorodesmis nested inside it. Penicillus and Chlorodesmis were also nonmonophyletic.
The tree obtained was topologically identical to a weighted single MP tree. Moreover, MP trees generated from the SSU alone (Fig. 1) , from the SSU and insert, from the ITS regions and from the LSU separately (trees not shown) did not contradict the topology of the ML tree, indicating coherence among these regions.
DISCUSSION
The nrDNA sequences contain the proper amount of variation to resolve udoteacean relationships at both the intra-and the intergeneric level. In fact, the inferred tree topologies shown in Figs 1 and 2 resolve relationships more precisely than those inferred from nonmolecular traits reported by Littler & Littler (1990) and Vroom et al. (1998) . The results indicate that currently used generic delineations of Udotea, Penicillus, Rhipocephalus and Chlorodesmis do not define natural groups.
Sequence comparisons
The identical location of the SSU insert in all tested representatives within the Udoteaceae and Caulerpaceae (Hillis et al. 1998; Kooistra et al. 1999 Kooistra et al. , 2002 ; this study) indicates its presence in the last common ancestor of these sister classes within the Bryopsidales (see Vroom et al. 1998) and suggests the existence of a novel conserved region in the SSU.
Short ITS regions as detected here seem to be confined to Udoteaceae; caulerpacean ITS sequences are considerably longer (Pillmann et al. 1997; Jousson et al. 1998; Famà et al. 2000; Durand et al. 2002; Kooistra et al. 2002; this study) . Intraindividual ITS sequence heterogeneity appears less conspicuous in Udoteaceae than in certain Caulerpa spp. (Famà et al. 2000) but this is perhaps to be expected because Caulerpa possesses longer ITS sequences and more positions and can therefore contribute towards intraindividual heterogeneity. Differences could also result from artefacts of the sequencing protocols used. In a heterogeneous batch of ITS sequences uncommon types can be identified through cloning, as done by Famà et al. (2000) , whereas they show up as 'background noise' in a direct sequencing approach.
The fact that SSU and ITS sequences both contribute to the same phylogeny is quite unusual because these sequences are expected to evolve at widely different rates. In general, ITS sequences become difficult to align as soon as the much slower SSU becomes phylogenetically useful (Bakker et al. 1994 (Bakker et al. , 1995 , although some ITS-2 core positions can retain phylogenetic signal well above the generic level (Hershkovitz & Lewis 1996; Mai & Coleman 1997) . However, in Udoteaceae, rates of SSU evolution are strongly elevated in comparison with those in other green algae (Zechman et al. 1990 (Zechman et al. , 1999 . In contrast, if the ITS regions are short, sequence evolution can be expected to be slow because of a higher proportion of functional core positions (Mai & Coleman 1997) than in the much longer ITSs found in other green algae (e.g. Kooistra et al. 1993; Bakker et al. 1995) . Therefore, rates of SSU and ITS sequences are expected to be much closer to one another in Bryopsidales than in other green algae. Despite the differing substitution rates and modes, no discordance in phylogenetic history could be detected between the SSU and ITS re-
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gions, which is to be expected because these sequences are linked. Therefore, all these nrDNA regions were combined in a single phylogenetic analysis.
Gene trees and species trees
Good resolution of gene trees does not guarantee that the trees will accurately reflect taxon genealogy (Nichols 2001). Potential causes of such mismatch include paralogy, lineage sorting and lateral gene transfer between distantly related species (Doyle 1992; De Queiroz 1993; Wendel et al. 1995 
Phylogeny, morphology and life history
Comparison between the morphological features and the molecular trees shows that patterns of change in morphological characters are not fully congruent with the molecular tree topology. As an example, loss of lateral adherence among blade siphons -thus giving rise to a Penicillus-shape -has occurred at least twice independently because Penicillus is not monophyletic (Fig. 2) . Siphonal appendages (see illustrations in Taylor 1960; Littler & Littler 1990) are encountered in all specimens included in this study except Chlorodesmis. In Halimeda, these appendages form the cortical utricles, whereas in Caulerpa they form the fronds and rhizoids along the stolons. Comparison with Figs 1 and 2 reveals that acquisition of appendages predates the emergence of the Caulerpaceae and Udoteaceae. In Halimeda, Flabellia, Udotea, Penicillus and Rhipocephalus, the appendages ramify profusely to form cortical layers. Equal cortication of blade and stipe in stipitate species must be ancestral because, in F. petiolata, U. dotyi, U. norrisii and U. flabellum, the siphonal appendages in the blade are similar to those in the stipe. The siphonal appendages have become reduced to small stumps in U. argentea and to spine-like structures near the base of the blade in U. looensis. Siphonal appendages are absent from the blade in the remaining Udotea spp. included in this study and in Penicillus and Rhipocephalus.
The stipes are generally corticated throughout. Most of the siphonal appendages in the stipes of Udoteaceae possess blunt, rounded tips, whereas those in the stipes of P. dumetosus and its nearest neighbour, P. pyriformis, have pointed tips. This same character state is also observed in U. looensis (Gepp & Gepp 1911; Littler & Littler 1990) , which is not the nearest sister to these two Penicillus spp.
Calcification may have been gained in the last common ancestor of Udoteaceae and then lost independently in at least Chlorodesmis, Flabellia and Rhipiliopsis. Alternatively, calcification may have appeared independently in Halimeda and in the Udotea-clade and may have been lost in Chlorodesmis. Hillis-Colinvaux (1984) proposed monophyly for both calcified and uncalcified Udoteaceae. Results by Vroom et al. (1998) and the tree topologies shown of Figs 1 and 2 reject such a division. Although calcification has appeared and has been lost several times, lack of calcification characterizes individual genera such as Caulerpa, Rhipiliopsis and the monotypic Flabellia. The last was even separated from Udotea for this very reason (Gepp & Gepp 1911; Nizzamuddin 1987) .
Loss of traits seems to have been common during the evolution of the Udoteaceae. Such secondary loss is demonstrated to an extreme in Chlorodesmis. Although some members of this morphologically simple genus may represent ancestral forms within the Udoteaceae, the two species included in this study are highly derived. Their phenotypic simplicity results from secondary loss of complexity: the multiaxial thallus organization, differentiation into blade and stipe, cortication and calcification have all gone. The nearest neighbours of C. caespitosa are Penicillus spp. Apparently C. caespitosa has lost the stipe and calcification of cap siphons, whereas adherence of the cap siphons was lost earlier. In C. fastigiata, however, stipe, calcification and adherence of blade siphons must have become lost along the internode leading to this species because its nearest relative, U. orientalis, still possesses these character states.
Recovery of uncalcified Chlorodesmis with calcified taxa as the nearest and next nearest neighbours suggests secondary loss of calcification. However, this is not necessarily correct. Chlorodesmis spp. may simply represent juvenile stages of other udoteacean species not included in Fig. 2 , just as Pseudochlorodesmis furcellata (Zanardini) Børgesen and Espera mediterranea Decaisne proved to be juveniles of Mediterranean H. tuna (Ellis & Solander) J.V. Lamouroux and Penicillus capitatus, respectively (Meinesz 1980) . But if Chlorodesmis constitutes the mature thallus, then secondary loss may have happened in two different ways. First, these simple thalli may result from loss of stipe and calcification in Penicillus, thus permitting cap siphons to sprawl unimpeded over the substratum. Indeed, Penicillus spp. are recovered as the nearest and next nearest neighbours of C. caespitosa. Second, Chlorodesmis spp. may represent cases of neoteny, in which the juvenile stage becomes fertile (Sonder 1871; Ducker 1965 Ducker , 1967 . The results presented here do not allow these hypotheses to be tested but they could be examined in future molecular research. If particular Chlorodesmis spp. evolved through neoteny, the genes needed for reproduction could be expected to remain functional both in this species and in its phenotypically more elaborate neighbour. In contrast, any genes needed for the development of the mature thallus might be expected to become pseudogenes or to be lost altogether, whereas they must remain functional in non-Chlorodesmis relatives.
Features associated with the udoteacean life history appear to be more congruent with the molecular phylogenies than is vegetative morphology. Gametangial shape and macrogamete size seem to delimit natural groups among taxa included in GALLEY 17 phya 41_502 Mp_17
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Most phycological taxonomic systems have been founded on such reproductive features and on ultrastructural traits of the gametes (Hoek et al. 1995) . The Udoteaceae, and possibly Bryopsidales as a whole, appear to be no exception to this generalization. Phylogenies inferred from nonmolecular traits in Udoteaceae, though noisy, reveal structure (Littler & Littler 1990; Vroom et al. 1998) that is more or less in agreement with what is shown in Figs 1 and 2 . A cladogram inferred from nonmolecular data for bryopsidalean genera (Vroom et al. 1998, fig. 1 ) has Caulerpa branching off first, followed by Flabellia and then by U. flabellum, Penicillus and Halimeda. According to the present study, only Halimeda is misplaced. Moreover, the first tree in my study (Fig. 1) separates the Caulerpaceae from the Udoteaceae, as proposed by Silva (1982) . Results of a similar cladistic approach in western Atlantic Udotea by Littler & Littler (1990) also agree with the molecular phylogenies presented here. Unfortunately, their tree is rooted incorrectly with an ingroup taxon, R. phoenix. If Flabellia and Halimeda had been chosen as the outgroup, the branching order would have been similar to that shown in Fig. 2 . Inclusion of Penicillus or Rhipocephalus or both would then render Udotea paraphyletic. Moreover, fully corticated Udotea blades would have been identified as ancestral and uncorticated ones (or brushes) as derived. Cortication of blades and stipes, as in U. flabellum and its relatives and Flabellia, may seem more advanced, yet this state is in fact the undifferentiated one: stipe and blade are both corticated alike.
Phylogeny and generic concepts
According to this study, the genera Chlorodesmis, Penicillus and Udotea are not monophyletic and consist of species lumped together, based on superficial morphological similarity. Nonmonophyletic species and genera are not uncommon among green algae (e.g. Kooistra et al. 1993; Bakker et al. 1994 Bakker et al. , 1995 , both in morphologically simple taxa and in taxa where simple features or processes generate intricate thalli. Indeed, drastic differences in appearance among the genera Udotea, Penicillus and Rhipocephalus generally result from only minor anatomical modification. Recovery of Penicillus and Rhipocephalus within a paraphyletic Udotea is not so surprising once it is realized that the brush of Penicillus is little more than an uncorticated Udotea blade in which the siphons have lost lateral adherence. Similarly, R. phoenix is essentially a Udotea sp. composed of a whorl of blades instead of a single blade.
Moreover, Rhipocephalus, Penicillus and Udotea are not very well differentiated from each other. For instance, the boundary between Penicillus and Udotea is vague because U. fibrosa Littler & Littler can be interpreted as having a brushlike blade or a blade-like brush, depending on one's point of view. Blade siphons of this species adhere only over part of their length (see illustrations in Littler & Littler 1990 , 2000 . The boundary between Rhipocephalus and Penicillus is also fuzzy because R. oblongus (Decaisne) Kützing (see illustrations in Littler & Littler 2000) appears to be a Rhipocephalus in which the blade siphons have lost adherence.
One way to delineate natural genera would be to place all species currently in Udotea, as well as its morphologically distinct allies Penicillus and Rhipocephalus, in a single genus.
Alternatively, because the anatomy of the reproductive structures and the characteristics of the macrogametes seem to delineate clades and grades in Udoteaceae, these traits could be used to construct a more natural taxonomy. Even Chlorodesmis spp. may be classified properly once their reproductive features are known. However, taxonomic revision should await the addition of sequence data and life-history information from many more udoteacean taxa.
Phylogeny and gamete release intervals
Udoteacean species shed their gametes just before dawn but, in contrast to corals (Veron 1995) and related organisms, they do this at particular times, which differ among species (Clifton & Clifton 1999) . Clifton & Clifton hypothesized that closely related species avoid each other's gamete release intervals to diminish the risk of hybridization. Correlation of the release times given by Clifton (1997) and Clifton & Clifton (1999) and the trees presented here reveal that two closely related udoteacean species have overlapping periods of release at the sites where the authors made their observations; R. phoenix sheds gametes 23.4 Ϯ 1.9 min before sunrise and U. cyathiformis 25.5 Ϯ 0.5 min before sunrise, thus challenging the Clifton hypothesis. Explanations for the overlap might be that the species do not normally occur close together or do not shed their gametes during the same mornings. Alternatively, these taxonomically perceived species may merely represent extreme forms of the same species along an extended plasticity range. Such cases have led to over-taxonomization in Halimeda (Kooistra et al. 2002) . A third possibility is that there are prezygotic barriers. In this case there would be no selection for temporal separation of release intervals in these closely related species. But then it remains difficult to explain why this incompatibility evolved only in these closely related species, whereas more distantly related ones shed their gametes at different moments.
Sequence variation and tempo of morphological change
The uncorticated Udotea spp. and their allies show rapid cladogenesis among closely related species, accompanied by considerable phenotypic changes. This natural group must have originated relatively recently because their nrDNA ITS sequences remain alignable. Moreover, SSU distances remain small among these taxa, despite the highly elevated substitution rate of this marker in Bryopsidales and Dasycladales (Zechman et al. 1999) . In contrast, Flabellia and the clade containing those Udotea spp. with completely corticated blades represent more ancient, species-poor lineages. Species in these clades appear similar, suggesting that phenotypic change proceeds more slowly here than in the species-rich clade. Several taxa still have to be added to the udoteacean phylogeny before a more complete insight can be gained into the distribution of taxa among the various lineages. However, general concordance between the cladograms recovered by Littler & Littler (1990) -if they are regarded as unrootedand the molecular phylogeny shown in Fig. 2 
Phylogeny and adaptation to grazing
Tropical marine benthic algae experience high grazing pressure (Hay et al. 1983; Hay & Taylor 1985; Lewis 1985; Lewis & Wainwright 1985) . The apparent success of the Udoteaceae depends on adaptations that check this herbivore onslaught (Hay et al. 1988 (Hay et al. , 1994 Duffy & Hay 1990; Hay 1997) . Aragonite casts, in combination with acidic, toxic secondary compounds (Paul & Fenical 1986; Hay et al. 1994 ) and nocturnal growth (Hay et al. 1988) , are proven defences against various types of large grazers. When calcified bryopsidalean thalli are crushed, as would happen in the stomach of a parrotfish, for example, the intersiphonal aragonite, in combination with the intrasiphonal acids, will produce carbon dioxide gas, a profoundly unpleasant experience for a fish in the water column (Hay et al. 1994) . In Bryopsidales with multiaxial thalli, organelles commute through the siphonal system between the outer parts, where they photosynthesize throughout the day, and the inner regions, where they retreat during darkness (Drew & Abel 1990) . Especially at night, the outer cortex must be a dangerous place. Otherwise, there would be no reason for the mass retreat. The behaviour cannot have evolved as a defence against large herbivores because grazing fish are inactive at night and nocturnal sea urchins, like fish, devour large pieces of the blade, including the medullary region. Instead, this commuting must have evolved primarily as a defence against small, possibly nocturnal cryptic meiofauna that are able to puncture individual siphons. Indeed, various small species have become adapted to eating nothing else beside bryopsidalean algae (Hay et al. 1994) . The thalli form an ideal substrate for such organisms because the risk of large grazers accidentally consuming them together with their habitat remains small for reasons explained previously. However, these small species generally have to use the thalli both as a place to hide and as a food source because migration would be prohibitively risky (Hay et al. 1994) . These grazers are generally so small that, instead of consuming the thallus wholesale, they puncture and devour the contents of individual utricles. Older Halimeda segments often show curved rows or patches of empty peripheral utricles (my observations). During daylight, plastids are indirectly protected against this cryptofauna because small organisms venturing upon the thallus are highly susceptible to predation by a multitude of small fish (ibid.).
Yet, the activity of these small herbivores does not explain why heavily calcified, completely corticated blades are ancestral and uncorticated blades are derived. Notably, the latter are found in species-rich clades. Loss of blade cortication in Udotea and its allies could be an adaptation against nocturnal sea urchin grazing. In ecorticate Udotea spp., as well as in Penicillus and Rhipocephalus, plastids migrate from the blade or whorl all the way into the densely calcified stipe. There they are relatively protected against sea urchins. If blade or brush siphons are devoured, only polysaccharide cell wall material is lost; more precious nuclei and plastids are readily deployed in a replacement (see also Littler & Littler 1999) .
CONCLUSIONS
The molecular phylogeny presented here suggests polyphyly for several currently perceived genera within Udoteaceae. Traditionally, taxa were grouped into genera based on the superficial appearance of the vegetative thallus. However, drastic changes in thallus form result mainly from secondary losses and minor, often homoplasious alterations among anatomical traits. The anatomy of reproductive structures and the characteristics of the macrogametes may delimit natural groups because their states correlate with molecular clades. Perfectly alignable ITS sequences and little variation among SSU sequences across Udoteaceae indicate a comparatively young extant diversity with rapidly diversifying lineages.
